Abstract-We demonstrate high-speed and high-power evanescently coupled waveguide integrated modified unitraveling carrier photodiodes. Over 105-GHz bandwidth along with 2 and 1.3 dBm RF output power at 100 and 105 GHz, respectively, has been achieved.
H
IGH-SPEED and high-power photodiodes are key components in ultra-broad-band analog and digital photonic applications including millimeter wave generation for broadband wireless communication, radio-over-fiber links, and optical links for phased arrayed antennas [1] . Photodiodes that operate at high power levels enable high gain, low noise, and high spur-free dynamic range for analog links [2] - [6] . A conventional lumped-element photodiode acts as a low pass filter; RF power decreases as frequency increases. The speed of the device is limited by carrier transit time and the resistance-capacitance (RC) time constant. Therefore, downscaling the dimensions of the photodiode including the depletion width and the device area to minimize carrier transit time and capacitance increases the device frequency response. For normal-incidence photodiodes, this approach can achieve high bandwidth, however, at the price of low responsivity [7] . The bandwidth-efficiency tradeoff of surface-illuminated photodiodes prevents achieving high speed and high efficiency simultaneously. By decoupling efficiency and speed, the waveguide photodiode can provide high quantum efficiency with short carrier transit times. In addition, the waveguide photodiode can be integrated on InP-based photonic circuits. Bowers at 60 GHz frequency [9] . Zhou, et al., reported a uni-traveling carrier (UTC) waveguide photodiodes with −2.3 dBm output power at 90 GHz [10] , and 75 GHz bandwidth with 5.1 dBm output power at 120 GHz [11] . A p-i-n waveguide photodiode with 100 GHz bandwidth was demonstrated by Bach, et al. in [12] . Anagnosti, et al., reported 110 GHz waveguide UTC with −4 dBm output power at 100 GHz [13] . For applications that require an O/E converter not only high output power but also relatively constant power in large frequency range, a wide flat frequency response is beneficial. Therefore, in this paper, we present an evanescently-coupled waveguide integrated modified uni-traveling-carrier (MUTC) photodiode. Epitaxial design, fabrication, and characterization are described. Flat frequency response up to 90 GHz and 3 dB bandwidth over 105 GHz have been achieved with 2 dBm and 1.3 dBm RF output power at 100 GHz and 105 GHz, respectively.
II. DEVICE DESIGN AND FABRICATION
Evanescently-coupled waveguide MUTC photodiodes were fabricated on a 3 inch-diameter InGaAs/InP wafer. Fig. 1(a) shows a schematic cross section of the epitaxial layer structure. The epitaxial layer design consists of three primary parts: a narrow-bandgap InGaAs absorber layer, a wide-bandgap InGaAsP drift layer, and a wide-bandgap InGaAsP waveguide layer. The use of InGaAsP in the drift layer instead of InP can result in better evanescent coupling at the expense of lower electron saturation velocity.
The epitaxial layers were deposited and in situ-doped with zinc (p-type) and silicon (n-type) dopants by metal organic 0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. chemical vapor deposition on semi-insulating InP substrate. A 1.1 μm-thick iron-doped InGaAsP quaternary layer was first deposited as the waveguide layer. Then, a 400 nm heavily doped n-type InGaAsP contact layer was deposited followed by a 200 nm lightly n-doped (1 × 10 16 cm −3 ) charge compensated drift layer. The reduced thickness of the contact layer compared with that of a surface normal device enabled high evanescent coupling efficiency [7] . A 50 nm-thick n-doped (3 × 10 17 cm −3 ) InGaAsP charge layer in combination with two 15 nm-thick lightly n-doped InGaAsP quaternary layers is used to maintain high electric field in the depleted absorber and to suppress charge accumulation at the heterojunction interfaces. A 100 nm unintentionally doped depleted absorber was added to improve quantum efficiency and bandwidth [14] . Owing to concern about zinc diffusion during the growth, the p-type absorber was deposited on top, even though this resulted in lower responsivity compared to an "n-up" structure.
Step grading of the 100 nm p-type undepleted absorber creates a quasi-electric field that aids electron transport. Two 15 nm-thick lightly pdoped InGaAsP quaternary layers were deposited to assist hole collection and block electrons. The p-type contact was formed using 300 nm heavily p-doped InP and 50 nm InGaAs.
Two groups of MUTC waveguide photodiodes were designed and investigated. The 1st group had areas in the range of 70 μm 2 to 370 μm 2 . Fig. 1 (b) shows a schematic of the input waveguide, the photodiode, and the electrode configuration of the 1st group. A double mesa process was used to fabricate these devices. The first etch, which defined the p-mesa, stopped at the n-contact layer. The n-mesa was formed later by dry etching to the irondoped InGaAsP quaternary layer. The 4 μm-wide rib waveguide was then formed by dry etching another 250 nm. The n contact layer extended 8 μm toward the input waveguide in order to facilitate coupling from the input waveguide into the absorber and maximize the confinement factor. This extended n contact provides a gradual increase in the optical refractive index from the waveguide to the absorber, which enhances the quantum efficiency. AuGe/Ni/Au and Ti/Pt/Au were used for n-metal and p-metal contacts, respectively. The photodiodes were connected to gold-plated coplanar waveguide (CPW) RF pads through an air-bridge, as clearly seen in the SEM image in Fig. 1(c) . A high impedance transmission line was incorporated into the CPW to provide inductive peaking in order to increase the device bandwidth. The completed wafer was cleaved to expose the waveguide facet for efficient light coupling.
Based on frequency analysis from the 1st group, the 2nd group was designed with smaller areas of 24 μm 2 , 35 μm 2 and 50 μm 2 to reduce the RC time constant in order to achieve higher bandwidths. The 2nd group device structure was also modified to improve responsivity. The two structures are shown in Fig. 2(a) . For the 2nd group design, a small gap was created on each side of the p-mesa by removing the InGaAsP n-contact layer [see Fig. 2(b) ]. In this way, the optical field can be better confined along the narrow n-contact which results in higher responsivity.
III. CHARACTERIZATION

A. 1st Group of Waveguide Photodiodes 1) Electrical Characteristics:
As shown in Fig. 3 the dark currents are < 1 μA at reverse bias up to 4V. The photodiode capacitance, C photodiode , which is the sum of the junction capacitance, C pn , the parasitic capacitance, C st , and the CPW capacitance, C t , was measured at 100 kHz using a multi-frequency LCR meter. In the mask design, CPW pads without a photodiode were also included in order to decouple C t from C photodiode . Table I mittivity of free space, the dielectric constant of InGaAsP, the photodiode active area, and the depletion width (380 nm), respectively. This enables the measured C pn to be used in a circuit model to extract other parameters. Also note that for a 70 μm 2 photodiode the parasitic capacitance is greater than half C pn , which suggests that parasitics limit the RC component of the bandwidth in the smallest photodiodes.
2) Frequency Response: An optical heterodyne setup was implemented to measure the RF response. Two distributed feedback lasers with wavelengths near 1.55 μm were used to generate a frequency tuneable optical signal with 100% modulation depth. The frequency of the beat signal was controlled by thermally tuning the wavelength of one laser. One output arm of a 2×2 fiber coupler was monitored with a spectrum analyser to track the beat frequency up to 30 GHz and a multi-wavelength meter was used for frequencies above 30 GHz. An erbiumdoped fiber amplifier followed by a variable optical attenuator controlled the amplitude of the optical signal from the second output arm. A single-mode tapered fiber, with 2.4-μm spot diameter and 12-μm working distance, was used to couple light into the waveguide-photodiodes. The RF power was detected using a calibrated 50 Ω RF power meter with frequency range from DC to 110 GHz. A calibrated 110 GHz bias tee and an 8-inch W-band 1.00 mm semi-rigid coaxial cable were used in the setup. Their associated losses were calibrated out with a 110 GHz network analyser.
A short section of transmission line with a large characteristic impedance can be approximately treated as a series inductor. Instead of using a lump inductor which is not realistic to be incorporated in a photodiode design, a short section highimpedance CPW was implemented in our design to improve the RC limited time bandwidth. To achieve the best peaking effect, an electromagnetic simulator in ADS was used to compute the S parameters of the high-impedance CPW which was later added in the photodiode model to simulate the frequency response in ADS. The characteristic impedance of our designed CPW is ∼102 ohms.
Figs. 5(a) and 5(b) summarize the frequency responses of the devices without and with inductive peaking, respectively. The devices were measured at 10 mA photocurrent with reverse bias of 4 V. 3dB bandwidth as high as 70 GHz was achieved with the 70 μm 2 device with a 50 Ω load. Table II shows the responsivity and bandwidth summary. An average of 50% increase in bandwidth was obtained with inductive peaking. The device external responsivity including the coupling loss, reflection loss and the waveguide loss was in the range 0.15 ∼ 0.3 A/W at 1550 nm wavelength. The facet of the 370 μm 2 device was damaged during cleaving which resulted in lower responsivity.
3) Parameter Extraction: On-wafer network analyzer measurements were performed to measure the S11 parameters up to 80 GHz. The diode circuit model (see Fig. 6 ) was determined from S-parameters using advanced design system (ADS) software by parameter fitting. R s and R p represent the series resistance and the junction resistance, and C t , L t denote the capacitance and inductance of the high impedance CPW line, respectively.
In Fig. 7 , the measured S11 (solid line) and the fitted results (dot line) coincide well on the Smith Charts. The extracted parameters and the measured capacitances are summarized in Table III. Note that on the Smith chart, the measured S11 values all start at the open circuit point, which indicates a large junction resistance, R p . The extracted R p is typically on the order of Gig-Ω and therefore, we did not include it in the table. From Table III , R s does not scale with device area, which indicates small contact resistance and that the bulk resistance dominates the total series resistance. The extracted inductances of the CPW line, L t , increase as the device area increases, which matches our initial high impedance CPW design, since for inductive peaking, a larger inductor is preferred for larger devices with lower resonance frequencies.
Using the extracted parameters in the RC-limited model (see Fig. 4 ) and transient-time-limited model [15] , the bandwidth was estimated and compared with the measured data. The results are plotted in Fig. 8 . There is good agreement between the simulated and measured results. For the smallest device in the 1st group, a 79 GHz RC-limited bandwidth was simulated, which indicates that the bandwidth (70 GHz) is limited by the RC time constant. For this epitaxial design, the transit-time-limited bandwidth is estimated to be approximately 117 GHz, assuming an electron saturation velocity of 8 × 10 6 cm/s in InGaAsP. Therefore, as the mesa area further scales down to 25 μm 2 , the device bandwidth is expected to be greater than 100 GHz which will be confirmed in the 2nd group devices. 
4) RF Power Saturation:
With a similar set-up as the bandwidth measurement described above, the RF saturation was characterized by measuring the RF output power as a function of the average photocurrent at a fixed frequency. Fig. 9 (a) and (b) show the RF output power of 90 μm 2 and 70 μm 2 devices at 60 GHz and 70 GHz with different reverse bias, respectively. The 70 μm 2 device delivered 6.1 dBm RF output power at 3 V and 3.8 dBm when biased at 2 V. The 90 μm 2 devices achieved 7.8 dBm RF power at 3 V, which decreased to 7.0 dBm at 4 V and 5.8 dBm at 2 V. The 70 μm 2 device saturated at ∼22 mA and ∼28 mA when biased at 2 V and 3 V. For the 90 μm 2 device, saturation occurred at ∼25.5 mA for both 2 V and 3 V bias and at ∼ 20 mA with 4 V bias. We observe that the RF power was larger with higher reverse bias at a fixed photocurrent before saturation. This indicates that device bandwidth was enhanced as the bias increased from 2 V to 4 V before saturation.
B. 2nd Group of Waveguide Photodiodes
The 2nd group of photodiodes exhibited similar dark current as the 1st group and the responsivities measured at 1.55 μm are summarized in the Table IV. The external responsivity was measured using a tapered fiber with 5.2 μm-diameter spot size and 24-μm working distance. The internal responsivity was estimated taking into account 1.5 dB reflection loss and 4 dB mode matching loss that was calculated using Beamprop software. The simulated internal responsivity is slightly higher than the responsivity estimated from measurements which can be attributed to losses in the long waveguides (0.7 mm ∼ 1 mm) caused by side wall roughness.
The frequency responses of the 2nd group with various areas are shown in Fig. 10 . The 24 μm 2 device was measured up to 110 GHz at reverse bias of 3 V. Owing to the inductive peaking, all three devices show flat response up to 80 GHz and they all exhibit 3 dB bandwidths over 90 GHz. The 24 μm 2 photodiode exhibits a bandwidth over 105 GHz, as predicted by the frequency analysis from the 1st group. The bandwidth approaches the estimated transit-time-limited bandwidth of 117 GHz. One important figure of merit is the bandwidth efficiency product (BEP). Photodiodes with 24 μm 2 , 35 μm 2 and 50 μm 2 active areas have BEPs of 29 GHz, 32 GHz and 38 GHz, respectively. It is worth mentioning, that owing to the 2nd group design with narrow n-contact region at the waveguide feed section, the 50 μm 2 photodiode with bandwidth of 92 GHz has an external responsivity of 0.15 A/W, which is comparable to that of a 70 μm 2 photodiode having a bandwidth of 70 GHz in the 1st group, i.e., the new structure achieves 30% higher bandwidth at the same responsivity. To further improve device external responsivity, future PDs will incorporate an anti-reflection coating and a spot size converter [16] .
The highest RF output powers of a 50 μm 2 device in the 2nd group are shown in Fig. 11(a) measured at 75 GHz, 80 GHz, 90 GHz, 100 GHz and 105 GHz as a function of average photocurrent. Note that the bandwidth of the 50 μm 2 device is ∼90 GHz. Therefore, the power curves measured at higher frequency, e.g., 100 GHz, were a few dB lower than that at lower frequency. The device achieved 5.1 dBm, 4.4 dBm, 3.5 dBm, 2.0 dBm and 1.3 dBm at 75 GHz, 80 GHz, 90 GHz, 100 GHz and 105-GHz, respectively. RF powers of smaller area devices are shown in Fig. 11(b) . The 35 μm 2 photodiode can deliver as high as 0.5 dBm and −0.4 dBm at 90 GHz and 100 GHz frequency, respectively, with saturation current of 10 mA. Note that the 24 μm 2 device died at 5.5 mA photocurrent with output power of −4.8 dBm at 105 GHz, while 1 dB compression was not observed. This is an indication that the cause of device failure was thermal. By incorporating a high-thermal-conductivity heat sink coupled with a flip-chip bonding technique, it is anticipated that higher RF power can be extracted from photodiodes with small dimensions.
IV. CONCLUSION
We report high-power evanescently-coupled waveguide MUTC photodiodes. Two group of devices were designed and studied. From the systematic investigation of the 1st device group, the redesigned 2nd group showed over 105 GHz bandwidth. The 50 μm 2 devices exhibited bandwidth efficiency product of 38 GHz with over 90 GHz bandwidth. The improved design achieved 30% higher bandwidth with the same external responsivity compared with the 1st group. The RF output power was 2 dBm and 1.3 dBm RF power at 100 GHz and 105 GHz, respectively.
